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INTRODUCTION 
Most animals require some mechanism other than simple diffusion to 
provide for the transport of gases, metabolites, nutrients and other 
materials from one part of the body to another. All vertebrate and many 
invertebrate animals rely on a vascular system of variable design for 
such a purpose. Such vascular systems, which make use of a specialized 
pump or pumps to continually circulate blood or hemolymph, have classical­
ly been divided into two categories: open or closed (Presser, 1973). 
Closed systems incorporate a heart or hearts with a network of closed 
tubes. Blood or vascular fluid circulates within the tubes and exchange 
of materials between tissue and blood occurs through capillaries. Many 
annelids, phoronids, nemerteans, cephalopod molluscs, holothurian echino-
derms and vertebrates possess this type of circulatory system. Open sys­
tems, on the other hand, are comprised of one or more hearts, arterial 
vessels, venous vessels and a hemocoel. Blood flows from the arteries 
into the lacunar (tissue) spaces and finally venous sinuses before being 
collected in the veins and returned to the heart for recirculation. 
Arthropods, most molluscs and ascidians possess this type of vascular 
system. 
The chief distinction between the two systems is that in the open 
system, material exchange occurs as a result of a direct bathing of the 
tissues by the vascular fluid. This has, perhaps understandably, created 
the Impression that the open circulatory system is an Inefficient one with 
vascular fluid sloshing about in the body spaces with flow poorly con­
trolled. 
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Sporadically, within the past several years, information has appeared 
regarding circulatory function in animals possessing an open vascular sys­
tem. Most of these studies have been somewhat incomplete because of tech­
nical difficulties encountered when trying to apply standard measurement 
techniques (used for mammalian studies) to open circulatory systems. 
Blood vessels in open systems are frequently inseparable from the sur­
rounding tissue, making cannulations difficult. The use of standard 
blood flow measuring techniques such as electromagnetic flowmetry is 
usually impracticable. All of these problems notwithstanding, a fair 
amount of data has been published on intravascular pressures measured in 
various regions of open vascular systems in some invertebrates, partic­
ularly molluscs and arthropods (Belman, 1976; Bourne and Redmond, 1977a, 
1977b), Heart rates of a variety of invertebrate species have been re­
ported (deFur and Mangum, 1979). Pick estimates of cardiac output have 
been reported for a few crustacean species, but such measurements are 
time-averaged over a period of minutes and hence provide no information 
on short term variation in cardiac stroke volume (Johansen, et al., 1970; 
Burnett, 1979). Moreover, the assumption made in some studies that all 
of the gas exchange occurs at the respiratory surface may not be valid. 
Direct measurements of blood flow in animals with open systems have been 
reported in only a few cases (Belman, 1975; Bourne and Redmond, 1977b). 
Essentially no information is available regarding capacity of the cardiac 
pumps on a beat-to-beat basis. Quantitation of blood flow to specific 
tissues in such animals has never been attempted. 
3 
The purpose of this study was to measure cardiac output In an animal 
with an open circulatory system In such a way that would allow heart 
pumping capacity to be assessed over short periods of time (15-30 sec); 
to make measurements of the distribution of cardiac output to various 
tissues of the animal; and to observe how these parameters vary with 
changing ambient conditions. The black abalone, Hal lotis cracherodii 
(phylum Mollusca, class Gastropoda, subclass Prosobranchia, order 
Archaeogastropoda) was used in this study. This species is indigenous 
to the waters off southern California and may be found anywhere from the 
high tide line out to depths of 6-10 m with most individuals Inhabiting 
the intertidal zone (Cox, 1962). This animal was selected for two rea­
sons. (1) Most major blood vessels upstream and downstream from the 
heart are accessible without surgery; (2) This species' intertidal 
habit afforded me the opportunity to observe its circulatory responses 
to a stressful situation, aerial exposure, to which it has become 
adapted. Moreover, the respiratory physiology of the animal has been 
studied previously (Churchwell, 1972; Holste, 1972) as have the oxygen 
requirements of various tissues of this species (Churchwell, 1972). 
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LITERATURE REVIEW 
Flow Measurements in Vascular Systems 
Methods for measurement of flow in blood vascular systems have been 
devised largely for application to the mammalian system where large pres­
sure gradients and high flow rates generally prevail. The nature of some 
of the methods which will briefly be discussed makes them difficult to 
apply to the open circulatory system. However, many of them can be used 
to gain some information, though incomplete, which together with infor­
mation obtained by using one or more other methods, can aid in develop­
ing a picture of the nature of blood flow in the open system. For ex­
ample, the use of ultrasonic flowmeters can yield information about the 
proportional relationship between pulsatile flow and pulsatile pressure. 
Another method, such as indicator dilution, can then be used to quanti-
tate flow and a great deal of information is gained when results from 
the two are combined. 
Electromagnetic flowmetry uses the principle of magnetic induction 
and is based on the fact that when an electrical conductor moves across 
the force lines of a magnetic field a potential difference is created 
[McDonald, 1974), Because blood is a conductor of electricity, its 
velocity through a blood vessel can be measured by aligning the vessel 
across a magnetic field and recording the induced potential. Electro­
magnetic flQwmetry was first used for physiological measurement by 
Kolin [1936). McDonald [1974) gives an excellent description of the 
strengths and weaknesses of this technique and the reader is referred to 
this account for further information. 
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Ultrasonic flowmetry is a relatively recent addition to the list of 
flow-measuring techniques available for physiological use. The most fre­
quently used type, based on the principle of the Doppler effect, was 
first Introduced by Franklin and co-workers (1961). An ultrasonic beam 
is used to scan a vessel through which blood is flowing. Some of the beam 
is "backscattered" from the particulate matter in the blood and its fre­
quency will be shifted a variable amount depending upon the velocity of 
the blood. Again, McDonald (1974) gives a detailed account of the capa­
bilities, advantages and disadvantages of the technique. 
Indicator dilution was first used to assess circulation time of the 
horse by Hering in 1847 (Fox, 1962). Stewart (1897), however, first used 
the method to measure cardiac output. He used hypertonic saline as the 
indicator and monitored blood conductivity continuously. The groundwork 
laid by Stewart's ingenious work was used as a base from which Hamilton 
and his associates refined the indicator dilution technique (Kinsman, 
et al., 1929; Moore, et al., 1929; Hamilton, et al., 1932). Probably 
the single most important contribution of this work was the introduction 
of the method used to exclude the artifact introduced by the presence 
of recirculated indicator. This semi-logarithmic replot method was 
paramount in establishing the technique as a quantitative tool. Since 
that time, indicator dilution has been used extensively and has been ac­
cepted universally as an accurate method for measuring cardiac output. 
Thermodilution, a modification of the indicator dilution method using 
heat as the indicator, was first introduced by Fegler (1954). Although 
Fegler (1957) performed exhaustive tests to establish the credibility 
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of the technique, It has never gained widespread acceptance because of 
the fear that heat loss occurs after injection of the indicator. How­
ever, this technique possesses Important advantages and other workers, 
in addition to Fegler, have demonstrated its accuracy, at least in the 
mammalian system (Goodyer, et al., 1959). A fuller discussion of this 
technique and its advantages is presented in the Discussion section of 
this thesis. 
The measurement of regional blood flow has always been difficult. 
Saperstein (1956, 1958) introduced the idea of injecting a diffusible 
indicator into the circulatory system and allowing it to exchange with 
the interstitial and intracellular fluid volumes in the tissues; the 
idea being that the amount of Indicator found in a given tissue was a 
measure of the total amount of blood which perfused that tissue over the 
experimental period, "he technique is only qualitative unless cardiac 
output is measured, by an independent means; but it has been used ex­
tensively to measure the percent distribution of cardiac output in a 
number of mammalian species. Recently, however, its validity has been 
questioned (Mendell and Hollenberg, 1971; Rakusan and Blahitka, 1974; 
Foster and Frydman, 1978). The Discussion section of this thesis con­
tains a more detailed description of this technique. 
Within the past 15 years a powerful tool has gained widespread 
acceptance for the measurement of cardiac output and regional blood 
flow. Rudolph and Heymann (1967) Introduced the use of radioactively-
labelled microspheres to measure regional blood flow In the fetal lamb 
in utero. Since that time the technique has been applied to the study 
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of blood flow in certain organs (e.g., central nervous system and heart) 
which had previously presented problems in this regard (Domenech, et al., 
1969; Schaper, et al., 1973; Marcus, et al., 1977). Its applications 
have primarily been clinical and its potential for application to other 
animals besides mammal s is only now beginning to be explored. 
Cardiac Output in Animals with Open Circulatory Systems 
Most of the cardiac output (Q) measurements made in invertebrate 
animals have been done by application of the Pick principle. A summary 
of most of the literature values available on cardiac output in in­
vertebrates can be found in Table 3. Very little information is avail­
able on short term variations in Q because Pick estimates are usually 
made over a period of several minutes and few studies have used direct 
means to estimate cardiac output. 
Burger and Smythe (1953) made crude, direct measurements of Q in 
the lobster, Homarus americanus. A glass tube with one end sharpened 
was thrust into one of the ventriculo-arterial apertures and the animal 
allowed to bleed into a volumetric container. Minute volumes of 10 to 
30 ml were obtained by this method. This, for years, remained the only 
direct estimate of cardiac output in an invertebrate. 
Belman (1975) used a heated thermistor to measure blood velocity in 
some sinuses and arteries of the lobster, Panulirus interruptus. 
Using average cross-sectional areas for arteries leaving the heart, and 
the blood velocities he had measured in these arteries, Belman calculated 
Q to be 128 ml-kg' «min* for a 650 g lobster. Belman and Childress 
[1976) made similar arterial blood velocity measurements in the mysid, 
8 
Gnathophausia ingens. These authors estimated Q to be between 100 and 
•  1  - 1  '  200 ml-kg" «min' in a 12 g animal. While these Q values represent 
estimates at best, they are useful from the standpoint of providing a 
measure against which Pick estimates can be compared. 
Spaargaren (1976) used a thermal wash-out method to estimate the 
Q and stroke volume in several species of crabs. The method consisted 
of suddenly changing the temperature of the water bath in which an 
animal was resting by 2°C and then monitoring the rate at which the 
animal's temperature changed. He was able to define a relationship be­
tween body weight (W^) and Q in these animals: Q » 2.36(Wy)^'^^; for 
• ^ 1 ** 1 
a 200 g crab, then, the Q would be 457 ml,kg .min . The assumption 
was made that all heat exchange occurred at the gills. This method re­
quired 2 to 3 min to be carried out and, hence, provides only a time-
averaged measurement of Q. 
Bourne and Redmond (1977b) made successful implantations of a 
cannulating-type electromagnetic flow probe into the anterior aorta of 
the gastropod mollusc, Haliotis corrugata. The primary purpose o^ these 
experiments was not, however, to measure Q, although a rough estimate 
could be made. These investigators were basically interested in defin­
ing the relationship between pulsatile blood flow and pulsatile blood 
pressure. 
Bourne and Redmond (1977b) and Roth (1977) used a pulsed Doppler 
ultrasonic flow-measuring system to measure blood velocity in the aortic 
bulbs of intact H. corruoata. These measurements gave only relative 
changes in flow rates, not absolute flows. These authors were, however. 
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able to give qualitative estimates of beat-to-beat variations of heart 
output. 
Physiological Responses to 
Aerial Exposure in Gill-breathing Animals 
The bulk of the data available on physiological responses to aerial 
exposure in gill-breathing animals consists of heart rate and oxygen up­
take changes as compared to those measured when the animals were sub­
merged. A few data have been published on blood flow changes associated 
with air-breathing in lungfishes (see below and Johansen, 1970); but, as 
far as is known, no data other than heart rate information are available 
concerning circulatory changes in intertidal invertebrates during aerial 
exposure. 
Fish 
Leivestad, et al. (1957) demonstrated that bradycardia was associated 
with aerial exposure in the cod. They also made blood and muscle lactate 
level measurements and found that muscle lactate increased during the 
period of aerial exposure. When the fish was re-submerged, blood lac­
tate levels increased immediately suggesting the possibility of blood re­
distribution during the period of aerial exposure. These authors made 
special note of the apparent similarity between the codfish response to 
aerial exposure and circulatory changes occurring with submergence in 
naturally-diving mammals and birds (Andersen, 1966). Garey (1962) made 
observations on some species of fish which were known to experience 
aerial exposure in their native habitat. He noted marked bradycardia 
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with aerial exposure In the grunlon, which spawns on the beach; and in 
the flyinq fish, which leaves the water for a period of a few to several 
seconds to escape from predators. 
In obligatory air-breathing fish, interestingly, the bradycardia 
has been shown to occur with submergence. Garey (1962) reported just 
such a response from the mudskipper which Inhabits tropical mangrove 
swamps and is seldom found in the water. Johansen, et al. (1968) showed 
that during air-breathing in lungfishes, cardiac rate and output increased 
and there was a shift of circulating blood toward the pulmonary apparatus. 
A similar response is exhibited by the electric fish, Electrophorus 
electricus during periods of air breathing (Johansen, et al., 1968). 
Todd and Ebeling (1966) have reported that in the marine fish. Gillichtys 
mirabilis, buccal epithelial capillaries dilate during air gulping suggest 
ing that some redistribution of circulating blood to this secondary gas 
exchange site occurs. 
Decapod crustaceans 
The shore crab, Carcinus maenas, has been the subject of much study 
regarding Its physiological adaptations to life in the intertidal habitat. 
Ahsanullah and Newell (1971) reported little evidence of bradycardia 
with aerial exposure in Ç. maenas, as did Taylor, et al. (1973). 
Depledge (1978) and Taylor and Butler (1978) reported a 10% decrease in 
heart rate under similar conditions. Taylor and Butler (1978) attributed 
this response to an ability of the animal to carry on aerobic metabolism 
in air and they reported increased cardiac output (Pick estimate) and 
oxygen uptake in air. However, Newel 1, et al. (1972) stated that oxygen 
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uptake of Ç. maenas decreased in air. Clearly, more work needs to be 
done on decapods to establish any trends in aerial exposure responses. 
Heart rate of the land crab, Cardisoma guanhumi, has been shown to 
decrease with submergence (Shah and Herreid, 1978), This is interesting 
because it Is consistent with the response to submergence of air-breath­
ing fish and diving vertebrates. 
Molluscs 
A number of intertidal bivalve molluscs have been shown to exhibit 
bradycardia with aerial exposure. Trueman (1967) and Trueman and Lowe 
(1971) made observations on the heart rate of three bivalves in their 
natural habitat and found bradycardia, in each case, to be associated 
with aerial exposure. Similarly, Helm and Trueman (1967) reported al­
most complete cessation of heart beat during aerial exposure in Myti1 us 
edulis. 
Recent work on 2 species of the gastropod mollusc, Aplysia, has 
shown that these animals also exhibit bradycardia in air (Feinstein, et 
al., 1977), These workers showed that removal of the abdominal ganglion 
did not decrease the heart rate of either species when submerged. It 
did, however, reduce the bradycardial response (but did not abolish It) 
to aerial exposure in one species, leading the authors to believe that 
the response was centrally mediated in this species and peripherally 
mediated In the other. 
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MATERIALS AND METHODS 
General Handling Information 
Specimens of Haliotis cracherodii were obtained from Pacific Bio-
Marine Supply Company (Venice, California). Five to eight animals were 
enclosed in a plastic bag containing 5 to 10 1 of sea water. A bag was 
placed in a styrofoam chest containing smaller bags filled with ice and 
air-freighted to Des Moines, Iowa. Chests were transported to Ames im­
mediately so that total transit time never exceeded 10 hr. 
Upon arrival at the laboratory, abalone were immediately transferred 
to and held in a 570 1 aquarium containing recirculating, vigorously 
aerated sea water (specific gravity = 1.025-1.030). Tank temperature 
was maintained at 16±1°C and the photoperiodic regime was 12L:12D. 
An algal population thrived on the sides of the aquarium and abalone 
were regularly observed making feeding movements with the radular ap­
paratus. No food other than this was provided. The abalone remained in 
apparent good health for 3 to 4 months although most specimens were used 
within 1 month of their arrival. An acclimation period of at least 5 to 
6 days was allowed before any animals were used experimentally. 
Both aquatic and aerial experiments were carried out in a plexiglas 
chamber (38 1 capacity). The temperature in the chamber was maintained 
at 15.5±1°C by placing it in a water-filled 190 1 aquarium, the tempera­
ture of which was controlled with a portable refrigeration unit (Blue M 
Electric Company). Sea water in the experimental chamber was kept satu­
rated with air at all times. 
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The protocol for an aerial exposure experiment consisted of the fol­
lowing. (1) The animal was instrumented (see detailed description below) 
and placed in the sea water-filled experimental tank. (2) Measurements 
of physiological parameters with the animal submerged were begun 1 hr 
after instrumentation and continued for 3 to 4 hr until repeated measure­
ments showed physiological variables to be relatively constant. (3) The 
sea water was siphoned out of the experimental tank over a period of 1 to 
2 min. (4) Measurements were resumed 1 to 2 min after the animal was ex­
posed to the air and continued for 1 to 2 hr. Care was taken to insure 
that animal temperature never deviated more than 1°C from the 15.5°C 
experimental temperature by keeping the experimental tank partially sub­
merged in the larger tank and by keeping room temperature as close to 
16°C as possible. (5) The animal was re-submerged by filling the experi­
mental tank with aerated sea water maintained at the experimental temper­
ature in a separate water bath system. The experimental tank was filled 
over a 1 to 2 min period to minimize disturbance to the animal. Measure­
ments were begun 1 to 2 min after re-submergence and continued for 
0.5 to 2 hr. 
During all experiments the animals were unrestrained and unanesthe-
tized. A plexiglas plate (15 cm x 15 cm), with 3 posts made from plexi­
glas rod spaced evenly along each side, was used to "cage" the animal and 
therefore allow freedom of movement within limits (to prevent cannulae 
from being pulled out of vessels) while at the same time allowing easy 
access to all cannulae. 
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Corrosion Casts of the Circulatory System 
Batson's #17 anatomical corrosion compound (Polysciences, Inc.) was 
used to make casts of the vascular system of cracherodii. The material 
was prepared according to the manufacturer's data sheet #105. The com­
ponents of the compound were stored at 1 to 2°C and It was found that If 
these were warmed to 30 to 35®C before preparation of the compound, the 
viscosity of the resulting Injectate was reduced substantially. This 
allowed perfusion of the vascular system to be accomplished with less 
applied pressure and minimized the possibility of expansion of the fine 
lacunar spaces. Carrying out the procedure at this temperature, however, 
caused polymerization to occur more rapidly, and hence, working time to 
be shortened commensurately. 
Dead abalone were carefully removed Intact from the shell and warmed 
to 30°C in a water bath. For arterial casts, both right and left effer­
ent ctenidial veins were occlusively cannulated in the downstream direc­
tion with PE 50 tubing (10=1.58 mm, 00=0.97 mm) filled with sea water. 
For venous casts, both afferent ctenidial veins were occlusively can­
nulated in the retrograde direction. Plastic syringes (10 or 20 ml) 
were filled with freshly prepared corrosion compound and connected to 
the Implanted cannulae. Injection of the material took place over a 
period of about 10 min. The plastic was allowed to harden for 24 hr. 
Some Injected specimens were preserved in 10% buffered formal in in 
sea water so that dissections could be made for the location of blood 
vessels and other vascular elements in the intact animal. Other speci­
mens were macerated (corroded) in 37% potassium hydroxide at 70®C for 
12 to 24 hr. 
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Aortic and Ambient Pressure Measurements 
Aortic blood pressure was measured with a P23V Statham pressure 
transducer. The cannula consisted of a 60 cm length of PE 90 tubing 
(ID-0.86 mm, 00*1.4 mm) and a 2 cm portion of a 23 ga hypodermic needle. 
The transducer (the dome of which was filled with degassed, distilled 
water) was connected to the cannula with a Hamilton 3-way valve. The 
cannula was filled with degassed sea water. This arrangement made it 
possible for sea water to be flushed through the cannula during an ex­
periment to maintain its patency. The transducer was connected to a 
strain gauge coupler of a Beckman Dynograph (model 411). A u-tube water 
manometer system was used to statically calibrate the transducer. Be­
fore making any blood pressure measurements, the cannula tip was placed 
in the experimental tank and the system "zeroed" by raising or lowering 
the transducer on a rack and pinion device. Due to the low intravascular 
pressures found in H. cracherodi1. the cannula tip could be merely in­
serted into the aorta without need to suture it in place. The frequency 
response characteristics of the cannula-transducer unit were determined 
by submitting the system to a step or "pop" test (Shirer, 1962). The 
system was found to possess a natural frequency of about 14 Hz and a damp 
ing coefficient of 0.3. 
During aerial exposure experiments it was necessary to measure 
changes in hydrostatic pressure that an animal experienced when water 
level in the experimental tank was changed. This was done with a P23Db 
Statham pressure transducer connected to a 30 cm length of PE 90 tubing 
the end of which was positioned at the bottom of the experimental tank. 
The transducer was connected to the dynograph so that ambient hydrostatic 
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pressure could be recorded simultaneously with blood pressure and cardiac 
output. 
Preparation of Animals 
Animal preparation consisted of the removal of two sections of shell 
by means of a high speed drill fitted with a small, diamond-studded bit. 
The larger of the two openings (2 cm x 2 cm) was located postero-
laterally at the ventral margin of the left side of the shell (see Fig. 
1). This hole allowed access to the proximal 3 to 4 cm of the anterior 
aorta, the aortic bulb, and the pericardial space. This opening provided 
for the placement of aortic withdrawal cannulae (microsphere experiments), 
the aortic thermocouple (thermodilution experiments) or, in a few cases, 
arterial blood pressure cannulae. All cannulae or leads which were in­
serted into the proximal aorta were passed through a small hole drilled 
in the shell over the middle of the branchial chamber (see Fig. 1). The 
lead or cannula was immobilized with dental wax which had been glued to 
the shell just anterior to the insertion hole. 
The other opening was cut dorso-lateral to the most posterior branch­
ial chamber apertures (see Fig. 2). This hole was ellipsoidal in shape 
(3 cm long axis, 1 cm short axis) and provided for access to the right 
efferent ctenidial vein and its junction with the right atrium. Injec­
tion cannulae for both thermodilution and microsphere experiments were 
inserted through this opening. 
After insertion of all cannulae and/or leads into the animal, all 
cut openings were sealed with softened dental wax so that normal ventila­
tion patterns in the branchial chamber would be re-established. 
The cut opening through which all cannulae were positioned in the 
anterior aorta. The pericardial cavity is the light material 
seen through the opening; gonadal tissue is dark. Note that the 
aortic thermocouple has been passed through a small hole located 
anterior to the large opening and is held in position with dental 
wax. 
The cut opening through which all injection cannula were passed 
for insertion into the right efferent ctenidial vein. 

In most cases, pulsatile aortic blood pressure was measured by 
threading the pressure cannula through the most anterior branchial cham­
ber aperture, passing the cannula ventral to the mantle underlying the 
branchial chamber and inserting it retrograde into the aorta midway be­
tween the head and the heart (see Fig. 3). 
Thermodilution Measurement of Cardiac Output 
A modified thermodilution technique first introduced by Fegler (1953, 
1957) was used to measure cardiac output (Q). Briefly, the method uses 
the warmed or cooled blood of the experimental animal as a thermal indi­
cator in a manner analogous to the use of dye in dye dilution flow esti­
mations. That is, a small volume of heated or cooled blood (hereafter 
referred to as the injectate) is injected into the vascular system and 
the temperature of the circulating blood downstream from the injection 
site is monitored as a function of time; the major assumption being that 
essentially all of the heat exchange occurs between the circulating 
blood and the injectate. 
Injectate withdrawal and injection was done with a 1 ml glass syringe 
(graduated in 10 yl increments) housed in a water jacket connected to a 
pump-driven temperature-controlled water bath. The syringe was connected 
to a 15 cm length of PE 20 tubing (10*0.38 mm, 00*1.09 mm) tipped with a 
26 ga hypodermic needle. Water jacket temperature was 30°C. The injec­
tion cannula was inserted into the right efferent ctenidial vein 1 cm up­
stream from the right atrium and the tip directed downstream. Blood was 
withdrawn slowly and allowed 10 to 15 min to reach water jacket tempera­
ture before injection. Injectate volume was 150 pi. Oftentimes, it was 
Fig. 3. The site for most aortic blood pressure measurements is shown. The cannula tip can be 
seen inserted retro-grade into the aorta at the tip of the arrow. The heart is located 
4 to 5 cm upstream. 
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useful to obtain cardiac output measurements In quick succession. In 
this case, plastic spacers were fashioned so that 600 wl of blood could 
be withdrawn and then delivered as four separate Injections of 150 pi 
each 30 to 60 sec apart. 
Infusion of Injectate lasted for about 0.25 sec and was always done 
during early ventricular systole when atrial Inflow was occurring. In 
this way, time for arrival of the diluted bolus in the arterial vessels 
was lessened and consequently, heat exchange with vessel and heart walls 
was minimized. 
Temperature of aortic blood was monitored with a copper-constantan 
thermocouple (38 ga; time constant = 0.4 sec) threaded through the tip of 
a 24 ga hypodermic needle. The aortic thermocouple was inserted into the 
vessel retrograde 2 to 3 cm downstream from the aortic bulb (see pre­
vious section). Output from this thermocouple was balanced against that 
from another copper-constantan junction immersed in an ice bath. Output 
from the two junctions was lead into the Dynograph so that blood pressure 
and the dilution curves could be recorded simultaneously. Concurrent 
blood pressure measurements were required so that (1) any adverse effects 
of indicator injection on cardiac function could be noted and (2) stroke 
volume could be calculated. 
The equation described by Hosie (1962) was used to calculate cardiac 
output: 
Q = (ViOlS,(Tj-Tb))/(pbSb;2A% (t)dt) (1) 
ti D 
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where V, • injectate volume 
pj.p^ " density of injectate and circulating blood 
respectively 
• specific heat of the Injectate and circulating 
blood respectively 
Tjj • circulating blood temperature 
• injectate temperature 
Since the animal's own blood was used as the Indicator, = p^ and 
Sy = Sj, and equation 1 simplifies to: 
The value of A In equation 3 was determined by planimetry or by 
weighing a given curve which had been photocopied onto bond paper and 
trimmed with sharp scissors. The weight of the curve was compared to 
the weight of sections with known area cut from the same piece of bond 
paper. It was found that the bond paper was of homogeneous thickness. 
The downslope of each curve was assumed to be logarithmic in nature 
(Fegler, 1954) and was determined for each curve by the semi-logarithmic 
replot method of Kinsman, et al. (1929). 
1 
( 2 )  
The denominator of equation 2 was calculated as 
A,(f)/r (3) 
where A • area of dilution curve 
r = chart speed 
f « thermocouple calibration constant 
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The thermocouple calibration constant, f, was determined by taping 
the aortic thermocouple junction to the bulb of a mercury thermometer 
(graduated in 0.1°C increments) and placing the bulb in a volume of 
rapidly-stirred water at 10°C. The temperature of the water was allowed 
to slowly rise and the position of the pen on the chart was noted at 
various temperatures. The calibration constant was expressed as °C/mm 
pen deflection. 
Actual injectate temperature (T^ in equations 1 and 2) differed sub­
stantially from the 30°C temperature of the injection syringe contents. 
This occurred because (1) the portion of the injectate occupying the 
cannula dead space could not be Jacketed and (2) heat loss occurred 
through the cannula wall during injection. Therefore, the average temper­
ature of the injectate as it left the cannula was determined by measuring 
the temperature change of an 8 ml volume of rapidly-stirred sea water 
into which indicator was injected. Conditions during these determinations 
were identical to experimental conditions. 
Microsphere Experiments 
Microspheres C3M Company, Minneapolis) with mean diameters of 9 or 
15 ym and labelled with strontium-83, scandium-46 or cerium-141 were used 
in these experiments. The microspheres were contained in sealed, stopper­
ed serum vials and suspended in 0.9% sodium chloride with a small amount 
of Tween added to inhibit aggregation. Before withdrawal of the sphere 
suspension, the vials were sonicated for 10 to 15 min and vortexed for 
4 to 5 min. Microscopic examination of a small amount of the sphere 
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suspension after the mixing procedure had been employed showed that 
essentially all of the spheres were dispersed. 
Injection of spheres into an abalone was made from a 1 ml gas tight 
syringe (Hamilton Company), graduated In 10 y 1 increments and encased 
within a water jacket maintained at a temperature of 15.5±1°C. The 
syringe contained a small magnetic stirring bar to facilitate mixing of 
the sphere suspension in the syringe. 
The injection cannula was a 30 cm length of PE 50 tubing tipped with 
the end of a 23 ga hypodermic needle. It was attached to one port of 
a polyethylene 3-way valve; a 3 ml glass syringe was attached to a 
second port. The valve, cannula and syringe were filled with sea water 
and placed in the experimental tank. The cannula was Inserted into the 
right efferent ctenidial vein of an abalone and the tip directed down­
stream. Care was taken not to occlude the vessel. The cannula was im­
mobilized with dental wax (see animal preparation section). 
Cardiac output was determined by the artificial organ or reference 
sample withdrawal method (Domenech, et al., 1969). The withdrawal can­
nula consisted of a 50 cm length of PE 60 tubing (10=0.76 mm, 00=1.22 mm) 
tipped with the end of a 22 ga hypodermic needle. The cannula was con­
nected to a 10 ml plastic syringe. Withdrawal was done with a Sage 
Instruments Infusion-withdrawal pump (model 351), The cannula was In­
serted into the aorta retrograde 4 to 5 cm downstream from the aortic 
bulb (as described in the animal preparation section). Withdrawal rate 
in most cases was 1.15 ml/mln. 
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Pulsatile aortic blood pressure was monitored at all times during 
the microsphere experiments. The cannula was inserted into the vessel 
midway between the head and heart as described previously. 
Experimental protocol 
(1) The animal was allowed about 2 hr to recover from the cannulae 
implantations. (2) 150-250 ^,1 of microsphere suspension were drawn 
directly into the injection syringe through a 21 ga hypodermic needle 
and immediately followed with 0.8 to 1 ml of sea water. (3) The injec­
tion syringe was suspended horizontally above the animal and connected to 
the third port of the 3-way valve (with the injection cannula and glass 
syringe attached). (4) The microsphere suspension was magnetically 
stirred in the injection syringe for 7 to 10 min. (5) Withdrawal from 
the aorta was started 10 to 20 sec before the injection was begun. 
(6) Injection was made over a 30 to 45 sec period during which time the 
contents of the injection syringe were continuously stirred. The syringe 
was moved to a vertical position just before injection was commenced. 
C7) Immediately after the injection, 1 ml of sea water was pushed into 
the injection syringe from the glass syringe connected to the 3-way valve. 
The contents of the injection syringe were stirred for 15 to 30 sec and 
this volume injected into the animal. This procedure served to flush out 
many of the spheres which remained in the injection syringe. The flush 
procedure was repeated at least twice. (8) Aortic withdrawal was con­
tinued for 1 min after the last flush had been completed. (9) The 
abalone was killed by placing it in sea water held at a temperature of 
40 to 50*C. This method was used because heart stoppage occurred almost 
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immediately while the animal struggled very little. (10) The dead abalone 
was removed from the shell, dissected immediately into pieces no larger 
than 1 gm and placed in plastic counting tubes. (11) Blood in withdrawal 
syringes was flushed into counting tubes and the cannula and syringe 
rinsed 4 to 5 times with distilled water into counting tubes. 
In order to determine the number of spheres contained within a tis­
sue or withdrawal sample, the average number of counts per sphere for 
each label was estimated. Ten to twenty hemocytometer counts were made 
for each suspension and the mean number of spheres/yl determined. Ten 
to twenty aliquots (25 yl) of each suspension were placed in separate 
tubes and counted in the gamma counter. This information was critical 
because of the fact that blood flow to a tissue could not be quantitated 
accurately if the tissue contained fewer than 400 spheres (Buckberg, 
et al., 1971). 
Counting procedures and blood flow calculations 
Counting was done with a Beckman gamma counter (Biogamma II). Care 
was exercised to insure that the total counts per minute (CRM) per tis­
sue or withdrawal sample never exceeded 3 x icf, the upper limit of crys­
tal discriminating capacity. The voltage applied for crystal excitation 
was determined for each isotope specifically. The voltage level was in­
creased in a step-wise fashion and the number of detected CRM for some 
Standard sample was noted at each voltage level. Measured CPIiJ increased 
with each increase of voltage initially but eventually reached a plateau 
level. The voltage at which CRM plateau first occurred was chosen as 
the crystal excitation voltage for that specific isotope. 
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For counting tissue or withdrawal samples containing one label, the 
energy window was completely opened. In those instances where the samples 
contained two isotopes, the channels ratio method (Adams and Dams, 
1970) was used to separate the activity corresponding to each label. This 
method is based on the assumption that the energy window which is chosen 
to detect counts of the higher energy Isotope completely excludes all 
counts ascribable to the low energy isotope. The converse, however, 
need not be true. Energy window widths were chosen carefully for each 
isotope bearing this in mind. 
Blood flows were calculated with the following equation: 
BF^ = WR(CPM^)/CPM^ (4) 
where BF^ = tissue blood flow 
WR * withdrawal rate of artificial organ or reference sample 
CPM^ = number of counts in a tissue 
CPMy = number of counts in the withdrawal sample 
Statistical Methods 
Standard linear regression procedure (least squares method) was 
used to assess the extent of correlative relationships among physiologi­
cal and/or physical variables. 
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RESULTS 
Morphology of the Circulatory System 
This portion of the study was undertaken mainly to confirm the loca­
tion of certain vascular elements within the intact animal. The excel­
lent work by Bourne (1974) on the vascular anatomy of Haliotis corrugata 
provided a solid base from which to work. When making circulatory casts, 
it was difficult to fill the arterial circulation completely with the 
Batson's compound so that the terminal portion, the lacunar or tissue 
spaces, were filled only in certain regions. 
The general form of the arterial tree in H. cracherodii is shown in 
Fig. 4. Major elements shown are the ventricle, both atria, the aorta 
and intestinal artery, part of the cephalic arterial sinus, and the 
gonad-digestive gland circulation, 
A closer look at the gonad-digestive gland arterial system is shown 
in Fig. 5. The nature of the small diameter vessel-like lacunar spaces 
can be seen. Microscopic examination showed the smallest of these chan­
nels to be 5 to 10 pm in diameter. These findings, consistent with those 
of Bourne (1974) for Haliotis corrugata. have important ramifications 
regarding certain experimental portions of this work as will be discussed 
later. 
One corrosion specimen in which the venous circulation was filled 
shows the existence of fine, branching, vessel-like elements in the 
foot muscle also (Fig. 6). These small branches are seen coursing to 
the large, central pedal vein which in turn empties into the cephalic 
venous sinus. 
Fig. 4. A corrosion model with the arterial system partially filled is shown. Important struc­
tures to be noted are: v, ventricle; ra, right atrium; ia, intestinal artery; cas, 
cephalic arterial sinus; va, visceral artery and; dg-g, digestive gland-gonad circulation. 
A closer view of the digestive gland-gonad arterial circulation where the nature of the 
lacunar spaces can be seen. The location of the following are labelled: v, ventricle; 
rg, right gill; rva, right visceral artery. 
Fig. 6. A corrosion specimen showing the venous circulation in the foot muscle, pv labels the 
pedal vein which collects all venous outflow from the foot muscle; cvs, cephalic venous 
sinus. Head of the animal is to the left of the picture. Scale is in rtm. 
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Fig. 7 shows a close-up of the gonad-d1gest1ve gland venous circula­
tion. In this specimen, the lacunar spaces (this time filled retrograde 
from the gills) took on the appearance of a sponge. Note the presence of 
dark, blue lines on the surface of the specimen, which are larger venous 
vessels. 
In one specimen, portions of both the arterial and venous circula­
tion were filled (Figs. 8 and 9). The arterial system is shown in blue. 
In Fig. 8, both large visceral arteries can be seen giving rise to smaller 
elements of the gonad-digestive gland arterial circulation. The large 
aorta and companion intestinal artery arising from the aortic bulb may 
also be seen. The approximate location for insertion of aortic cannulae 
and the aortic thermocouple have been indicated. The cephalic arterial 
sinus cannot be seen. A lateral close-up of the heart in the same 
specimen is shown in Fig. 9. The right and part of the left atrium 
can be seen lying on the ventricle. The right efferent ctenidial vein, 
the injection site for both microsphere and thermodilution experiments, 
is shown joining the right atrium. The extensive left kidney venous 
circulation was filled incidentally through the left renal vein shown 
joining the right atrium. Both afferent ctenidial veins are shown aris­
ing from the basibranchlal sinus into which nearly all venous blood is 
collected before entering the gills. 
The general form of the circulation, then, can be summarized. 
(1) Blood is pumped from the ventricle into the aortic bulb, and then 
into the anterior aorta and a number of smaller arteries which supply 
the digestive gland, gonad and digestive tract. (2) The anterior aorta 
Fig. 7. Closer view of the venous circulation in the digestive gland-gonad tissue showing the 
lacunar spaces. Dark blue lines on the surface of the model are larger venous vessels. 
^ ' n i i i i i  I  n m r m r r  
8. A specimen in which both arterial and venous systems were partially filled. Blue, arter­
ial; red, venous. The two large visceral arteries, 1 va (left visceral artery) and rva 
(right visceral artery) are apparent, aa, anterior aorta; v, ventricle; lecv, left effer­
ent ctenidial vein. Scale in mm. 
0.5 cm 
Fig. 9. A close view of the heart. Arterial, blue; venous, red. v, ventricle; ra, right atrium; 
la, left atrium; recv, right efferent ctenidial vein; Irv, left renal vein; bs, basi-
branchial sinus; racv, right afferent ctenidial vein; lacv, left afferent ctenidial vein. 
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terminates in the cephalic arterial sinus which gives rise to several 
small arteries supplying the head and two larger arteries supplying the 
foot muscle. (3) The arterial circulation flows into very small diam­
eter lacunar or tissue spaces. (4) After contacting the tissue, the 
blood is collected into venous vessels and returned to the right kidney 
(except for a small vessel from the mantle which passes directly to the 
right atrium) before passing into the basibranchial sinus and finally 
the gills. (5) Oxygenated blood leaves the gills by passing through the 
efferent ctendial vessels which connect with the atria. 
Cardiac Output in Submerged Abalone: 
Thermodilution Experiments 
A typical thermodilution curve and accompanying aortic blood pressure 
trace is shown in Fig. 10. Injection of indicator was made just up­
stream from the right atrium and the temperature of blood in the aorta 
was measured. As was true in nearly all cases, very little change in 
heart rate or blood pressure could be seen after the injection. Note 
the stair-step appearance of the curve indicating adequate response time 
of the thermocouple (Hosle, 1962). The curve returned to the baseline 
within ten heart beats, typical of most curves. This means that each 
thermodilution cardiac output measurement is time-averaged over a 
fifteen to thirty second period. 
Table 1 summarizes data from ten specimens of cracherodii. All 
specimens were unanesthetized and free to move during measurements. In­
frequently an animal would creep slowly about but in most cases the 
animals rested quietly in one position throughout the duration of the 
Fig. 10. A typical thermo-dilution curve and accompanying pulsatile aortic pressure trace. 
Note that pulse pressure and heart rate remain largely unchanged. 
A , injectate infusion. 
10cm HgO 
8C 
Table 1. Summary of data on cardiac output (Q), heart rate (HR), and stroke volume (SV) of sub­
merged Haliotis cracherodi i. ® 
Animal 
No. n 
Wb 
(g) Q (ml-min~^) 
Q 
(mi'kg ^«min ^) 
HR 
(min"M 
SV 
(ml) 
1 5 180 25.8(2.2) 143.2(12.2) 25(1.3) 1.03(0.10) 
2 7 197 30.2(2.4) 153.3(10.4) 27.1(1.5) 1.11(0.09) 
3 6 203 26.8(1.0) 131.9(4.8) 20.3(0.5) 1.32(0.04) 
4 5 205 28.5(1.3) 138.8(6.4) 20.5(0.5) 1.39(0.05) 
5 7 266 34.2(1.4) 128.4(6.6) 20(0.6) 1.71(0.06) 
6 5 269 32.9(1.7) 122.3(7.5) 27.7(0.6) 1.20(0.11) 
7 5 280 34.7(2.7) 123.9(11.6) 19(0) 1.85(0.15) 
8 10 358 36.7(2.8) 102.5(12.1) 28(1.7) 1.32(0.13) 
9 10 364 38.2(2.9) 104.8(12.6) 21(1.0) 1.82(0.13) 
10 7 412 40.2(1.1) 97.57(5.0) 26(0.2) 1.55(0.05) 
Values in parentheses are ISD. 
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experiment. Mean values are shown for five to ten measurements made 
over a two to three hour period. No correlation between body weight (W^) 
and heart rate was apparent. However, Fig. 11 shows a high correlation 
? (r «0.92) of Wjj with non-weight specific cardiac output (Q). The rela­
tionship was found to be logarithmic. Fig. 12 shows a trend toward 
larger stroke volumes in larger animals, although the scatter of the data 
is considerable. The weight range is too narrow, however, for a strict 
relationship between the two variables to be defined. 
Circulatory Responses to Air Exposure: 
Thermodilution Experiments 
The circulatory responses to air exposure and subsequent reimmer-
sion were monitored in five specimens of H. cracherodii. Changes in 
cardiac output and stroke volume as compared to heart rate for one in­
dividual, and changes in mean aortic blood pressure (MAP) for another 
individual, during air exposure and reimmersion are shown graphically 
in Fig. 13-15. These data are typical of data collected on all five 
abalone. Fig. 13 shows that cardiac output dropped by about 50% one 
to two minutes after aerial exposure began and was maintained at about 
the same level for the duration of the exposure period. Upon reimmersion, 
cardiac output rose 10 to 15% above the pre-exposure level but slowly 
returned to the pre-exposure level over a period of about 1.5 hours. A 
sudden bradycardia ensued with the beginning of air exposure but amounted 
to only about a 15% reduction of the pre-exposure level. The drop In 
cardiac output, then, could not be attributed totally to the decrease in 
heart rate. Stroke volume in the same animal (Fig. 14), on the other 
Fig. 11. The relationship between body weight (g) and cardiac output (ml min" ) in submerged 
abalone, H. cracherodii. The equation of best fit and correlation are given. 
Vertical bars represent ±1SD. 
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Fig. 12. The relationship between body weight (g) and cardiac stroke volume (ml) in H. cracherodii. 
Vertical bars represent ±1SD. 
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Fig. 13. Variation in cardiac output, Q, (•) and heart rate (O) in a black abalone during 
aerial exposure and resubmergence. Pre-exposure values are indicated to the left 
of time 0. Vertical bars are ±1SD. +, begin aerial exposure; + resubmergence. 
120 50 
WO 
40 
80 
C 
S 
k  "  
30 
g 
E 
1 " 
40 
O 
K) 
20 -
OL 
F 
air exposure 
•i 
i 
O o 
J I L 
o o 
•I  
J L J L 
o o 
• K) 
I I 
0  2 0  4 0  6 0  8 0 I O O I 2 0 H 0 1 6 0 » ) 2 0 0  
Time (min) 
Fig. 14. Variation of stroke volume (•) and heart rate (O) during aerial exposure and re-
submergence in a black abalone. Vertical bars represent ±1SD. + , begin aerial 
exposure, + resubmergence. 
2J0 
1.5 
i 
I . 
0) 
o 
CO 
0.5 
S 
Ï 
air exposure 
o o 
I • 
o o 
s ° o o 
-I 3 0  
2 5  
- 20 
1 5  
K )  
i 
I  
? 
3  
1 J I L Al 
0  2 0  4 0  60 80 MX) 120 
Time fmin) 
140 160 180 200 
48 
hand, decreased by about 40% immediately after aerial exposure began and 
Increased by about 23% above the pre-exposure level after reimmersion. 
Fig. 15 Illustrates changes In MAP In another specimen under Identical 
conditions. The pressure rose nearly 100% after aerial exposure began. 
There was then a sharp drop back to pre-exposure levels Immediately after 
reimmersion. 
In order to more clearl • present the results of this set of experi­
ments using data from five specimens, the changes associated with aerial 
exposure and reimmersion have been expressed as percentages of pre-ex­
posure level for each variable and presented graphically in Fig. 16-19. 
Fig. 16 shows data on cardiac output as compared to heart rate. Although 
the scatter is substantial, the trend is clearly expressed: cardiac 
output as compared to pre-exposure levels dropped by 20 to 60% during 
aerial exposure and rose by as much as 40% after reimmersion. Clearly, 
these responses cannot be explained solely on the basis of heart rate 
changes. This point is more aptly supported by Fig. 17 which shows the 
changes in stroke volume associated with aerial exposure and reimmersion. 
The decrease with exposure as compared to pre-exposure levels was 15 to 
55%. After reimmersion stroke volume, in all but a few cases, rose above 
pre-exposure level by as much as 35%. Fig. 18 Illustrates the trend of 
increased mean arterial blood pressure with aerial exposure and then a 
return to pre-exposure levels after reimmersion. This pattern was ex­
hibited by all but one specimen. In that individual, the pressure 
stayed within 10 to 15% of the pre-exposure value for the duration of 
the experiment. The data support the generalization that mean arterial 
Fig. 15. Variation in mean aortic pressure (•), obtained from 10 consecutive heart beats, during 
aerial exposure and resubmergence in a black abalone. Vertical bars represent ±1SD. 
t, begin aerial exposure; +, resubmergence. Mean aortic pressure was calculated as 
Pj + 1/3(P -Py) where P and P^ are systolic and diastolic pressure respectively. 
T air exposure 
20 40 60 80 100 120 
time (min) 
UO 160 180 200 
Fig. 16. Data on cardiac output (•, O, A, •, •) and heart rate (+) for five H. cracherodii 
specimens during aerial exposure and resubmerqence. Cardiac output and heart rate have 
been expressed as a percent change from pre-exposure levels. Bars in the horizontal 
and vertical direction for heart rate indicate ±1SD. 
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Fig. 17. Percent change in stroke volume for 5 H^. cracherodi  specimens. 
Stroke volume has been expressed as a percent change from pre-exposure levels. 
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pressure 1s maintained during aerial exposure and, in most cases, in­
creases substantially. 
Blood Flow to Specific Tissues: 
Microsphere Experiments 
Submerged animals 
Initial microsphere experiments were carried out to determine the 
size of spheres which should be used in the blood flow experiments; the 
use of this technique requires that there is complete entrapment of 
spheres in the tissues and hence, no recirculation. Since the gills 
are located in series with the rest of the circulation in the abalone 
and since, presumably, there is little nutritional blood flow to the 
gills, the extent of sphere passage through the tissues can be esti­
mated by assaying the gills for radioactivity. Experiments with 9 ym 
diameter spheres resulted in 10 to 20% of the injected amount being 
found in the gills. All subsequent experiments were performed with 15 ym 
diameter spheres. During experiments with 15 ym spheres, gill radio­
activity never accounted for more than 5% of the total Injected amount. 
Fig. 19 is an aortic blood pressure trace recorded during a typical 
microsphere suspension injection. Mean arterial pressure remained es­
sentially unchanged during the injection period. There was typically a 
10 to 15% decrease in heart rate near the end of the withdrawal period 
but this always occurred well after the last flush volume had been in­
fused; and presumably after all spheres had moved past the withdrawal 
cannula tip. The total time for Injection In this case was six minutes. 
Fig. 19. A typical aortic blood pressure trace during a microsphere injection is shown, A , begin 
reference sample withdrawal; MSI, microsphere suspension injection; Fl, first flush; 
F2, second flush; F3, third flush; A, end reference withdrawal. 
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Fig. 20 summarizes data on blood flow to selected tissues from seven H. 
cracherodii. All of the individuals were unanesthetized and free-to-move 
as in previous experiments. 
Aerially-exposed animals 
In four experiments, blood flow to selected tissues was measured 
during submergence and then again when the animal was exposed to the air 
to determine whether or not redistribution of circulating blood occurred. 
These data are summarized In Figs. 21 and 22. Fig. 21 shows changes in 
blood flow to certain tissues in one abalone which were typical of 
changes exhibited by the experimental group as a whole. Note the two­
fold increase in blood flow to the mantle when the animal was exposed to 
air. Fig. 22 illustrates the mean percent change In weight-specific 
blood flow to the same tissues for four Individuals in air, compared to 
submergence. Mean values below the abscissa indicate decreased blood 
flow. 
Cardiac Output Measurements by 
Artificial Organ Technique 
In the four experiments described above, cardiac output was measured 
during the microsphere Injections by the artificial organ technique as 
described in the methods section. These data are summarized in Table 2. 
Microsphere determinations of cardiac output showed a consistent decrease 
with aerial exposure as did the thermodilution studies. In these experi­
ments, cardiac outputs determined by thermodilution and microspheres were 
compared. Mean variation between the two procedures was +8%, with no dif­
ference being greater than +19%. 
Fig. 20. Blood flow to specific tissues in seven H. cracherodii specimens determined by distribution 
of radioactive microspheres. Vertical bars represent ±1SE. 
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Fig. 21. Changes in blood flow to selected tissues during submergence and aerial exposure in a 
black abalone. Note the decrease in flow to the digestive gland and gonad, and the 
increase in flow to the mantle. 
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Fig. 22. Percent change in blood flow to selected tissues during aerial exposure in 4 H. cracherodii 
individuals. Vertical bars represent ±1SE. A mean value below the abscissa indicates 
that flow to that tissue decreased in air. Note the increase in flow to the mantle. 
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Table 2. Comparison of cardiac output values obtained by the microsphere and thermodilution 
methods in the same animal. 
Cardiac output (ml min % difference 
(thermodilution 
Artificial organ Thermodilution as compared to 
Animal No. Wb(g) Submerged Air exposure Submerged microspheres) 
1 180 23.4 
3 203 30.3 
4 205 23.8 
7 280 27.9 
18.5 25.8 + 9.3 
16.8 26.8 -13.1 
20.0 28.4 +16.2 
24.5 34.6 +19.4 
X = +8.0 ± 7.3 (ISE) 
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DISCUSSION 
Rationale for Technique Choice 
Thermodilution 
The quantitative measurement of heart output in Haliotis cracherodii 
is difficult. The implantation of a cannulating-type electromagnetic 
flow probe in the aorta has been done with limited success (Bourne and 
Redmond, 1977b). Measurements obtained in this manner, as these authors 
pointed out, can in no way represent total cardiac output since flow 
through 3 other major arteries, which leave the ventricle or aortic bulb 
upstream from the probe, is not included with the measured flow. Bourne 
and Redmond (1977b) and Roth (1977) were able to mount a Doppler flow 
probe over the aortic bulb in corrugata. In this manner, total cardiac 
output (Q) could be more closely estimated. In these experiments, how­
ever, the flow velocity could not be quantitated because the angle of 
the reflected ultrasonic beam was not known. Bourne (1974) made a few 
successful measurements of Q in H^. corrugata using indicator dilution. 
Indicator dilution appears to be the best method for quantitating 
total Q in the abalone primarily because indicator concentration (mea­
sured as a function of time) need be determined in only one artery. 
Moreover, if injectate volume is small enough the diluted injectate 
bolus will be sensed over a period of a few to several heart beats allow­
ing for short term variations in Q and cardiac stroke volume to be noted. 
The circulatory system of the black abalone is arranged in such a way 
that injection of indicator can be made Immediately upstream, and sam­
pling done immediately downstream, from the heart. The blood vessels used 
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for Injection and sampling are superficial and can be cannulated without 
requiring any surgical manipulations. The use of the animal's own blood 
as a thermal Indicator obviates any problems associated with the Introduc­
tion of a foreign substance (e.g., dye) Into the vascular system. Also, 
blood samples need not be taken because the concentration of the Indicator 
Is measured In situ with the thermocouple. Two potentially serious prob­
lems are therefore avoided: (1) Inability to maintain patency of the sam­
pling cannula and (2) reduction of circulating blood volume with repeated 
sampling. Moreover, repeated determinations may be made quickly since 
the heat Is rapidly dissipated as the blood circulates through the tissues 
(especially gills). 
The two major assumptions made in the application of the Indicator di­
lution method are (1) that there Is no loss of Indicator from the vascular 
system between the point at which it Is Introduced and the point at which 
its concentration is determined and (2) that the indicator and the blood 
or hemolymph into which it Is introduced become well-mixed (Zierler, 1962). 
It has been demonstrated that these assumptions are valid for the ap­
plication of the thermodilution technique in dogs. Fegler (1954), Goodyer 
et al, (1959) and Khalll et al. (1966) reported good agreement between 
Pick and thermodilution Q estimates; and Fegler (1957) and Goodyer et al. 
(1959) showed close agreement between thermodilution and dye dilution esti­
mates. Lin et al. (1970), however, reported that thermodilution-deter-
mlned Q in rats was 60% greater than either dye dilution or Pick estimates. 
This difference was attributed to the low Q in these animals and the re­
sulting indicator loss after injection. The authors also speculated that 
an under-estimation of the area under the dilution curve (and consequent 
over-estimation of Q) might result from assuming that the downslope of the 
curve was logarithmic (see Materials and Methods section). This Is a 
valid consideration especially If heat exchange occurs with the heart and 
vessel walls. Most of this heat would probably. In turn, exchange with 
blood which was upstream from the Injection site at the time of Injection. 
In effect, then, there would be little loss of heat but the return of the 
dilution curve back to baseline would be prolonged so that a logarithmic 
replot would tend to over-estimate blood flow. Lin et al. (1970) offer 
no explanation as to why logarithmic replots of thermodilution curves from 
dogs ytéld Q values which so closely agree with Q values obtained by other 
means. 
The close agreement (mean difference of thermodilution Q as opposed 
to microsphere Q=+8.0%±7.3 SE) suggests that the thermodilution technique 
is applicable to the abalone. In 3 of 4 experiments, the thermodilution 
estimate was greater than the microsphere estimate and in the other exper­
iment the converse was true. More comparison experiments need to be done 
in order to determine whether or not the estimate obtained by one method 
is consistently higher than the estimate obtained by the other. Recent 
studies on two species of Cancer crabs have shown close correlation of 
thermodilution cardiac output estimates and concurrently-made Pick estimates. 
Microspheres 
Measurement of regional blood flow in H. cracherodii presents several 
problems. All arterial vessels leaving the aortic bulb are inseparable 
from the surrounding tissue (making electromagnetic or Doppler flow probe 
implantations prohibitively difficult) and all but one of these arteries 
69 
exit the bulb deep 1n the tissue and hence, are completely inaccessible 
without traumatic surgery. 
Sapersteln's (1956, 1953) method of measuring regional blood flow in 
dogs by injection of diffusible tracer (usually radioactive rub1dium-86 
or potass1um-42) was a candidate for use in the abalone. Briefly, this 
technique involves the Injection of a tracer into the circulation which 
"will exchange with the cellular and Interstitial fluid volumes in peri­
pheral tissues. Logically then, the amount of tracer which is found in 
a given tissue should be proportional to the fraction of the total cir­
culating blood perfusing that tissue during the experiment. Recirculation 
must not occur and it is assumed that the equilibrium constant for tracer 
exchange is the same in each tissue. There were three major drawbacks 
to the technique for use in this study. (1) Cardiac output would have 
to be measured simultaneously by a totally independent means. (2) Mean 
circulation time in this animal is not known. It is possible that some 
recirculation occurs in the abalone within 30 to 45 seconds while mean 
circulation time to other regions of the animal may be on the order of 
minutes. During some thermodilution experiments, a small transient 
rise in temperature of the aortic blood occurred 30 seconds after in­
jection of indicator and well after the dilution curve had peaked and 
begun to return to baseline. This could mean that some blood had already 
passed through tissue spaces and returned to the heart for recirculation. 
(3) It is unknown whether all tissues in the abalone would reach equili­
brium with the tracer material at the same rate. Recent work by Foster 
and Frydman (1978) suggested that erroneous values of regional blood dis­
tribution using diffusible tracer probably occur primarily for this reason. 
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The microsphere technique has become an established and well-tested 
method for determining regional and total blood flow in mammals since its 
introduction by Rudolph and Heymann (1967). The assumptions which must 
be made in the application of this technique are (1) that complete 
trapping of the spheres in the tissue vascular beds occurs (i.e., no re­
circulation) and (2) that the microsphere suspension is well-mixed with 
the blood during injection (Archie, et al., 1973; Bartrum, et al., 1974). 
The first assumption presumably was satisfied because of the nature 
of the lacunar spaces in the abalone circulation (see Fig. 5). It was 
found that the smallest of these spaces had diameters of 5 to 10 ym. 
These channels, in vivo, may be even smaller because of the possibility 
of their expansion during injection with Batson's compound (see Materials 
and Methods section). Also, as described previously, a good estimate of 
the number of spheres which pass through these tissue spaces is obtained 
by assaying the gills for radioactivity. When the 15 pm spheres were 
used, there were never more than 5%, and usually much less, of the total 
number of injected spheres found in the gills. 
The second assumption was satisfied by mixing the sphere suspension 
for the animal during injection. In the mammalian heart where much tur­
bulence exists, spheres can be injected as a bolus and adequate mixing 
is known to occur (Marcus, et al., 1976). The slow infusion of the sphere 
suspension into the abalone served two purposes: (1) hemodynamic changes 
were avoided for the most part and (2) the possibility of bunching of 
spheres at the injection site was minimized. In all experiments, less 
than 0.2% of the total nunter in injected spheres could be found at the 
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Injection site. The adequacy of sphere mixing could be assessed also 
by comparing Q determined by reference withdrawal during microsphere 
injection to Q measured by a different means, in this case, thermo-
dilution. As was discussed previously, experiments showed agreement 
within 19% or less between the two methods (see Table 2). Archie, et a1. 
(1973) state that agreement between Q values obtained by two different 
methods in maimials could not occur unless the microspheres were ade­
quately mixed. 
All criteria for use of microspheres in the abalone appear to have 
been met. The critical consideration must be, however, whether or not 
the spheres distribute to the tissues in a truly representative manner. 
Arguments to support the belief that this indeed does happen will be 
presented in the next section. 
Cardiac Output and Stroke Volume 
in Submerged Black Abalone 
The values obtained for cardiac output (Q) in submerged ]H. 
cracherodii ranged from about 98 to 143 ml•kg"^«min~^. These values are 
higher than those reported for animals with closed circulatory systems. 
For example, an average Q value for a resting man (mass=75 kg) is about 
60 ml•kg'^.min'^ (McDonald, 1974). Reported values for fish are somewhat 
lower. The elasmobranchs, Squalus acanthi as and Scyliorhinus stellaris, 
are reported to have Q values approaching 25 to 30 ml.kg'^.min"^ 
(Murdaugh, et al., 1965; Piiper and Schumann, 1967). Values for certain 
teleost species fall within the range of 15 to 30 ml•kg'^-min'^ (Randall, 
1970). 
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Q values for animals with open circulatory systems are relatively 
scarce (Téble 3). Arthropods were generally reported to have Q values 
around 100 ml.kg"^«min"^. Molluscs exhibited considerable disparity. 
This is not unexpected because of the tremendous differences in mode of 
life of the species that have been studied. Generally, it appears that 
animals with open systems have higher weight specific cardiac outputs 
than do similar-sized animals with closed systems. The reason for this 
is unclear at the present time. It may be related to decreased oxygen 
transport capability of the blood in most invertebrates (lower oxygen 
carrying capacity) requiring increased blood flow to supply adequate 
amounts of oxygen to the tissues (Burnett, 1979). This cannot be con­
firmed without further studies. 
The Pick principle has been used in most studies to determine Q and 
these estimations are probably relatively accurate (at least in crus­
taceans) provided the animal was experiencing steady state conditions at 
the time of measurement. The Pick estimates are, however, time-averaged 
over a number of minutes and so have little utility in assessing short 
term variation in Q. Moreover, the Pick method assumes that all oxygen 
taken up by the animal is extracted from the ventilatory stream. This 
may not be valid, especially in molluscs, where a considerable amount of 
soft tissue may be exposed to the water or air and conceivably serve 
a gas exchange function. 
Even less information is available in the literature regarding 
cardiac stroke volume in invertebrate animals. In many of the studies 
listed in Table 4, heart rate was not measured simultaneously with the Q 
Table 3. Sunmary of data from the literature on cardiac output and heart 
rate for a variety of Invertebrate species. 
Species °C 
Arthropoda 
Xiphosura 
Limulus polyphemus 20 
15 
Crustacea 
Callinectes sapidus 25 
Cancer productus 12 
Cancer magister 8 
Card nus maenas 9 
Homarus americanus 19 
13.5 
Llbinia emarginata 25 
Panulirus interruptus 16 
Mollusca 
Bivalvia 
Noetia ponderosa 25 
Spisula solidissima 10 
Gastropoda 
Busycon canaliculatum 20 
Haliotis cracherodii 15.5 
Cephalopoda 
Loiigo pealii 23 
Nautilus pompilius 17 
Octopus dofleini 11 
Wb{g) HR(min ) 
-1 -, 
Q(ml 'kg'min 
105 
601 23 78 
80-192 130 189 
345 97 103-275 
811 66 100 
50 92 118 
500 -  — —  88 
500 92 121 
188 85 450 
600 60 128 
22.5 14.5 25 
141 9.9 12.6 
49 14.1 25.9 
180-412 20-28 98-143 
70-120 — 250 
400-600 --- 51.6 
9800 --- 43 
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Method Source 
Pick Mangum, et al, (1976) 
Pick Mangum, et al. (1975) 
Pick Mangum (1976) 
Pick McMahon and Wilkens (1977) 
Pick McDonald (1977) 
Pick Taylor and Butler (1978) 
Pick Redmond (1955) 
Pick McMahon and Wilkens (1975) 
Pick Burnett (1979) 
Arterial blood velocity Belman (1975) 
Pick 
Heart rate x heart volume 
Deaton & Mangum (1976) 
dePur and Mangum (1979) 
Heart rate x heart volume 
Thermodilution, microspheres 
Pick 
Pick 
Pick 
dePur and Mangum (1979) 
present study 
calculated from data in Redfield and 
Goodkind (1929) 
Johansen, et al. (1978) 
Johansen (1965) 
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determination. The stroke volumes of H. cracherodll Individuals varied 
from 1.03 (W^"180 g) to 1.85 (Wj,«280 g) ml. These values at first seemed 
Improbably high. However latex Injections of the ventricles of 2 Indi­
viduals (W^ about 200 g) showed ventricular volumes to be about 2 ml. 
During these injections, the ventricles were probably stretched because 
the pericardial membranes had to be incised In order to llgate vessels 
entering and exiting the ventricles. This serves the purpose, though, 
of showing that stroke volumes of 1 to 2 ml are possible, especially in 
larger individuals. Stroke volumes of 1 to 2 ml have been reported for 
2 species of Cancer crabs (McDonald, 1977; McMahon and Milkens, 1977). 
Spaargaren's (1976) regression equation allows one to calculate that a 
200 g decapod crustacean should possess a cardiac stroke volume of about 
1.5 ml. While relatively large stroke volumes appear to be the rule in 
invertebrates studied to date, the establishment of any trends of inter­
specific differences must await the collection of more data. 
Blood Flow to Tissues in the Black Abalone 
Since tnese are the first data on tissue perfusion rates to be gath­
ered for an animal with an open circulatory system there are, of course, 
no other literature values available for comparison. How can one assess 
the accuracy of these measurements? The quantitation of blood flow to 
various tissues, assuming sphere distribution to the tissues is repre­
sentative, depends entirely upon the accuracy of the reference sample Q 
measurement which was done concurrently. I have shown that there Is good 
agreement between this Q estimation and that obtained by an entirely dif­
ferent means, thermodilution. The possibility that agreement"between 
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these two estimations In four different experiments was coincidental 
seems remote. 
Determining whether or not the spheres actually distribute to the 
tissues In a truly representative manner Is more difficult. Churchwell 
(1972) made oxygen uptake (Vgg) measurements for various isolated tissues 
in cracherodii in order to determine the extent of similarity of whole 
animal oxygen uptake and a value for VOg arrived at by summing for 
isolated tissues. Churchwell's data showed that the right kidney had 
the highest intrinsic oxygen requirement; my measurements showed blood 
flow (BF) to be the highest to this tissue. Vg^ and BF for other tissues 
were normalized assuming the value for the right kidney to be 1. The 
comparisons for various tissues are made in Table 4. Values for rela­
tive VQ^ and BF are remarkably similar. The only large deviations are 
for radular muscle and foot muscle where normalized BF is about one-half 
normalized Vn . It seems reasonable that BF should match, to some extent, 
oxygen requirements of various tissues and this may be an indication of 
the importance of the blood as an oxygen transport medium in the intact 
animal. 
Circulatory Responses to Aerial Exposure 
in the Black Abalone 
The responses of H^. cracherodii to aerial exposure can be summarized 
as (1) mild bradycardia, (2) decreased stroke volume, (3) maintenance or 
increase in mean arterial blood pressure, and (4) redistribution of 
circulating blood. The similarity of these responses to those exhibited 
by air-breathing, naturally diving animals is striking. The bradycardial 
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Table 4. Comparison of normalized values of weight-specific oxygen 
uptake (NVOg) and weight-specific blood flow (NBF) for selected 
tissues of the black abalone. Normalized values were obtained 
by assuming values for the right kidney to be 1. 
TISSUE NV02 NBF 
R. Kidney 1 1 
L. Kidney 0.77 0.75 
Digestive 61. 0.57 0.59 
Gonad 0.35 0.33 
Foot Muscle 0.34 0.13 
Mantle 0.49 0,54 
Radular M. 0.73 0.35 
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response to a1r exposure had previously been noted in a number of gill-
breathing animals (see Literature Review). The other parameters had 
not been measured under these circumstances for an aerially-exposed gill-
breather. 
The preliminary experiments in cracherodii showed that increased 
mean arterial pressure accompanied the drop in cardiac output. This re­
quires an increase in total peripheral resistance and immediately sug­
gested the possibility of blood redistribution. Part of this resistance 
increase may occur in the gills, which collapse when the animal is exposed 
to air, and presumably lose much of their gas exchanging capability. 
Possibly some compression in other tissues also results from the loss of 
support when the animal is exposed. The latter could possibly be re­
lated to the observation that the number of microspheres trapped by the 
exposed gills was only about one tenth that trapped in the gills while the 
animal was submerged. 
Microsphere experiments showed, indeed, that there was a redistribu­
tion of circulating blood. A surprising finding was that blood flow to 
the mantle increased 2 to 3 times during aerial exposure. The primary 
function of the mantle is the secretion of shell material; and blood 
flow, as well as oxygen uptake, data for this tissue show it to be 
fairly active metabolically. The mantle is thin and flat, is found around 
the entire periphery of the animal, and surrounds the branchial chamber. 
Moreover, it is stretched and attached to the shell and, therefore, is 
prevented from collapsing during aerial exposure. Corrosion casts showed 
it to be highly vascularized, especially in the region of the gills. 
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The geometry of the mantle (large surface area, relatively th1n) as well 
as Its location make It a primary candidate for a secondary gas exchange 
site. It Is possible, then, that a significant amount of gas exchange 
could occur through the mantle, and this would Increase If blood flow to 
it were Increased. It is not known what happens to whole animal gas 
exchange during aerial exposure In cracherodii. These experiments 
must be done in order to assess the importance of the mantle for gas 
exchange during aerial exposure. 
The increase in Q with resubmergence above levels noted before 
aerial exposure suggests the possibility of an oxygen debt repayment. 
Again, whole animal oxygen uptake data are needed to confirm this. It 
would be interesting to look for the presence of anaerobic end-products 
in tissues to which blood flow was shown to decrease during aerial ex­
posure. The levels of such end-products in circulating blood should 
also be measured during the experiment. 
The extent of decrease in Q during aerial exposure could not be 
fully appreciated if only heart rate had been monitored during the exper­
iments. The lability of cardiac stroke volume was a surprising finding. 
Most of the decrease or increase seen in Q at any one time was, to a 
large extent, the result of a change in stroke volume. During aerial 
exposure, for example, a 50% decrease in cardiac output might occur with 
an accompanying 40% drop in stroke volume, while heart rate decreased 
about 10%, These findings contrast with data on submerged diving matinal s 
and birds. Bllx, et al, C1976) showed stroke volume to remain constant 
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during submergence, and Jones, et al. (1979) reported stroke volume to 
Increase during diving In the duck. 
It Is unclear at this time whether these physiological responses 
exhibited by H. cracherodll are under humoral or nervous control. Since 
most responses occurred within 1 min after the beginning of a change In 
ambient conditions, some nervous mediation probably is Involved. A 
number of molluscs have been shown to have cardioaccelerator and cardio-
Inhibltor nerves (Carlson, 1905a and 1905b). During the course of ex­
periments, however, slow changes could be observed for certain physio­
logical parameters. For example, after the Initial drop in Q with aerial 
exposure most animals exhibited a slow increase of Q back toward pre­
exposure levels. Such slow changes could conceivably be the result of 
humoral regulation. For the present, this remains open to question. 
Future Studies 
Investigation of respiratory changes in cracherodll during aerial 
exposure is the logical next step for future work. Studies on whole 
animal gas exchange, blood gas transport and acid-base status should be 
carried out before, during and after aerial exposure. Another important 
area to investigate is the mode of control of blood flow. Whether the 
blood flow changes observed with aerial exposure represent active regula­
tion or result merely from the collapse of tissues is not known. 
When these studies are undertaken, even more questions than have 
been raised by the present study will present themselves. A start has 
been made toward understanding how these lower animals deal, physiological­
ly, with the conditions they encounter in their natural habitat. Current 
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evidence suggests that physiological control of circulation 1n molluscs 
may be considerably more complex than has been believed. 
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SUMMARY 
(1) Corrosion casts of the circulatory system of Hal lotis cracherodll 
Indicated the presence of small diameter (5 to 10 ym) lacunar spaces at 
the tissue level. 
(2) Thermodilution was used to measure cardiac output (Q) and stroke 
volume in unrestrained, unanesthetlzed abalone during both submerged and 
aerial conditions. 
(3) In submerged abalone, a relationship was found between Q and 
body weight (W^): Q » 0.30 
(4) Cardiac output values for individuals weighing 180 to 415 g 
ranged from 98 to 150 ml-Rg'^'min"^. 
(5) Stroke volume in submerged animals ranged from 1.03 to 1.85 ml 
with larger animals generally possessing larger stroke volumes. 
(6) The following changes were noted when the abalone was exposed 
to air. 
a) Cardiac output immediately decreased by 30 to 50% resulting 
primarily from a decrease in stroke volume. 
b) Heart rate decreased by 10 to 20%. 
c) Mean arterial pressure usually increased. 
(7) Upon resubmergence: 
a) Cardiac output, stroke volume and heart rate increased, 
rapidly returning to pre-exposure levels. Frequently transi­
tory over-shoots occurred. 
b) Mean arterial blood pressure dropped immediately to pre-ex­
posure levels. No overshoot was observed. 
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(8) Radioactive microspheres (15 wm diameter) were used to measure 
total cardiac output and blood flow to selected tissues In the abalone 
during submergence and aerial exposure. 
(9) Total cardiac output measurements using the microsphere arti­
ficial organ technique correlated closely with thermodilution measure­
ments made In the same animal (the thermodilution measurements averaged 
about 1% higher). 
(10) Highest blood flow rates during submergence were to the right 
kidney; the lowest were to the foot muscle. Flow rates ranged from 10 to 
100 ml'lOOg'^'min"^. 
(11) Tissue blood flows correlated very closely with reported oxy­
gen uptake rates of the Isolated tissues. 
(12) During aerial exposure, blood flow generally decreased to most 
tissues but Increased 2-3x in the mantle. 
(13) The possibility of the mantle serving as an accessory gas ex­
change site during aerial exposure is discussed. 
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